Recently it has been reported that porous silicon (PSi) can be used as a therapeutic agent for cancer thermotherapy based on near-infrared (NIR) light irradiation. It is more important than anything else to develop a nanomaterial thermal coupling agent with a high photothermal effect in order to secure irreversible destruction of cancer cells and high selectivity between tumor tissues and healthy tissues in thermotherapy. In this paper we report the influence of anodization process parameters or the microstructure of PSi on the photothermal effect of PSi during NIR light irradiation. As the HF concentration, current density and etching time in the anodization process for PSi synthesis increases, the photothermal effect is enhanced since the pore size or the nanocrystallite size of the PSi decreases and the porosity of the PSi increases. The influence of quantum size effect on the photothermal effect in PSi is also discussed.
Introduction
Cancer thermotherapy is a therapy that is used to treat cancer by applying heat locally to tumor tissues. It is also called thermal ablation therapy because it removes tumors by ablating the tumor tissues repeatedly. In comparison with surgical treatment thermotherapy has advantages such as the anticipated reduction in morbidity and mortality, low cost, suitability for real-time imaging guidance, and the ability to perform ablative procedures on outpatients owing to its non-invasive native. 1) Early thermotherapies simply applied heat locally to tumor tissues with an aid of an apparatus for focusing heat to the tumor area. Heat generation sources such as lasers microwaves, ultrasound, magnetic fields, and tubes with hot water have been used in thermotherapies. 2) These simple heating techniques have a common problem that they have difficulty in applying heat selectively to tumor tissues because they cannot discriminate between tumors and surrounding healthy cells. 1) In 1999 Gordon et al. 3) proposed a new thermotherapy using magnetic nanoparticles in combination with alternating magnetic field to overcome the shortcomings of simple heating techniques. Since then, many research groups 1) have investigated the use of magnetic nanoparticles for thermotherapy. However, the limitation of this approach is that a large amount of iron is required to induce heating. 4) In 2003 Hirsch et al. 4) proposed a thermotherapy technique in combination of silica-gold core-shell nanoparticles and near-infrared(NIR) light. The penetration depth of NIR light is much deeper into human bodies than visible light since biological systems including human bodies are highly transparent to NIR light. Since Hirsch et al.'s report on NIR light-based thermotherapy many thermotherapy techniques based on nanomaterials in combination with NIR light have been reported.
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These nanomaterials include a variety form of gold particles, single wall carbon nanotubes(SWCNTs), 12),13) ferromagnetic nanoparticles-filled multiwall carbon nanotubes(MWCNTs) 14) , 15) and porous silicon(PSi). 16 ), 17) For irreversible destruction of cancer cells heat treatment at a temperature higher than 46°C for more than 60 min is required. Increasing the temperature to 50-52°C can shorten the time necessary to induce cytotoxicity to 4-6 min. 18) At temperatures above 60°C all cells are irreversibly damaged within 1 min. If the illumination intensity in thermotherapy is higher than a few W/ cm 2 , surrounding healthy cells exposed to light irradiation will possibly be damaged even if they were not internalized with nanomaterials used as thermal coupling agents. Patients given the thermotherapy treatment cannot stand such intense heat owing to the local heating of the skin tissues exposed to the light irradiation. In the conventional thermotherapies based on simple heating most treatment failures result from insufficient temperature rises in the tumor tissues. However, excess heating might on the other hand induce damage of adjacent structures owing to the non-selective nature and poorly defined lesion boundaries of the simple heating techniques. 4) Therefore, it is more important to develop a nanomaterial thermal coupling agent with high photothermal effect than anything else in order to secure irreversible destruction of cancer cells and high selectivity between tumor tissues and healthy tissues in thermotherapy.
Recently we reported that PSi can be used as a therapeutic agent in combination with NIR light for cancer thermotherapy owing to its high photothermal effect. 16) We also reported that we could obtain an additional photothermal effect of 19°C by using PSi/NaCl suspension instead of PSi suspension. 17) PSi is also known to be biocompatible 19) and biodegradable 20) as well as to have readily functionalized surface. 21) It is strongly requested to investigate the dependence of the microstructure of PSi on the photothermal effect of PSi since the properties of PSi is known to strongly depend upon the microstructure of PSi. In this paper we report the influence of anodization process parameters such
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as HF concentration, current density, and anodization time or the microstructure of PSi on the photothermal effect of PSi during NIR light irradiation.
Experimental procedure
PSi layers were prepared on 2.5 cm × 2.5 cm × 0.05 cm pieces of p-type Si(100) with a resistivity of 5-10 Ωcm by anodic etching in an 3:2 (by volume) 2 :1, or 1:1 solution of 48% HF and 95% C2H5OH at a current density of 10 or 30 mA/cm 2 for 5 or 10 min. The process parameters for each PSi sample are summarized in Table 1 . The electrochemical anodization cell used in this experiment is shown in Fig. 1 . The area actually etched on the piece of Si(100) is only within a circle with a 2 cm diameter. The diameter and length of macropores in PSi were determined by using scanning electron microscopic (SEM) images. The diameter of the micropores in PSi was measured on transmission electron microscope. The porosity of PSi was determined by weight methods. 22) The weight measurement method is summarized as follows: The virgin silicon wafer is first weighed before anodizadion (m1), then just after anodization (m2) and finally after dissolution of the whole porous layer in a molar NaOH aqueous solution (m3). The porosity is simply given by the following equation:
The thickness is given by the following equation:
where d is the density of bulk silicon and S the silicon wafer area exposed to HF during anodization.
NIR light irradiation was carried out on PSi/Si(100) samples by using an NIR heating lamp (model, IF-9900 Gold, Hasell Co., USA, λ = 0.78 -1.4 μ m). The wavelength of the NIR light used in this experiment was about 1 μ m. The samples were irradiated continuously by the NIR light at 3.5 W/cm 2 . The distance between the lamp and the samples was 2 cm. Change in the surface temperature of PSi samples with the NIR exposure time was measured at 30 s intervals by using an IR thermometer (model : AZ 8859, max. output : 1 mW, wavelength : 670 nm, measurement range : -20-420°C). a) and (b) show the surface temperature of the PSi samples prepared using different anodization process parameters ( Table 1) as functions of the NIR light exposure time. The PSi samples in Fig. 2(a) have been formed in an anodization cell with 3:2 (by volume) solution of 48% HF and 95% C2H5OH, while those in Fig. 2 (b) with 2 :1 solution of HF and C2H5OH. We used NIR light with an illumination intensity of 3.5 W/cm 2 in this experiment which are high enough to kill most cancer cells because the dose of laser commonly used in photodynamic therapy ranges from a few mW/cm 2 to a few W/cm 2 depending upon the kind of cancer. The temperature of PSi tends to increase rapidly first and then slowly as the NIR exposure time increases. In the initial stage (the NIR exposure time : 0-20 s) of NIR irradiation for the PSi samples formed in the 3:2 solution of HF and C2H5OH ( Fig. 2(a) ) a distinct difference in the temperatures of the sample is noted. The temperature of the PSi layer formed 
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with a higher current density and a longer anodization time is higher. However, as the NIR exposure time increases, the temperature of the PSi layers tend to be saturated to the same level (~90°C). The relative photothermal effects of the four different PSi samples formed by electrochemical anodizaton at different current densities for different times are in the increasing order of A < B < C < D.
On the other hand, the relative photothermal effect with respect to current density and anodization time is somewhat different in the case of the PSi sample formed in a 2 :1 solution of HF and C2H5OH (Fig. 2(b) ). The temperature of the PSi sample formed by anodization at a higher current density (30 mA/cm 2 ) for a longer time (10 min) is higher than that of the sample formed at a lower current density(10 mA/cm 2 ) for a shorter time(5 min). In other words, the relative photothermal effects of the four different samples in the increasing order of E < F < G < H are maintained for all the NIR exposure times. Plan-view SEM images of the PSi prepared by electrochemical anodization of P-type Si(100) in HF/C2H5OH solution with different HF conditions are shown in Figs. 3(a) and (b) . The pore size, and porosities of the PSi samples formed with different anodization process parameters are listed in Table 2 . The pore sizes of the PSi were measured from the diameters of the cylindrical pores in the SEM images and the porosities were determined by weight measurements. 22) 
Discussion
In general, the microstructure of PSi strongly depends upon the anodization process parameters such as HF concentration, current density, etching time, and the doping type and concentration of silicon. It is well known that the pore size of PSi decreases as the HF concentration in the electrolyte for anodization of silicon increases. There are two types of pores in PSi. One type is long cylindrical macropores aligned in a direction perpendicular to the surface of the silicon substrate and the other is numerous micropores (or nanopores) the average diameter of which is a few nanometers in the skeleton of the porous silicon surrounding the long cylindrical macropores. In other worlds, PSi has a sponge-like structure with numerous micropores as well as long cylindrical macropores. Figures 3(a) and (b) are the plan-view SEM image of the cylindrical macropores. Comparison of Figs. 3(a) and (b) tells us that our results agree well with the general trend that the average diameter of the macropores for a higher HF concentration (Fig. 3(a) ) is smaller than that of the PSi for a lower HF concentration (Fig. 3(b) ). According to the experimental data in Table 2 in combination with anodization conditions in Table 1 , we can see that the sizes of macropores (Fig. 4(a) ) and micropores, the thickness and porosity of the PSi layer are strongly influenced not only by HF concentration but also by current density and etching time. We can extract some trends from the data in Table 2 regarding dependence of the pore size and porosity of PSi as follows:
(1) The PSi formed in the HF solution with a higher concentration has the smaller diameters of both macropores and micropores, longer macropores and a higher porosity.
(2) The PSi formed at a higher current density has the smaller diameters of macropores but a higher porosity.
(3) The PSi formed for a longer etching time has a thicker PSi layer (or longer macropores).
Comparison of the temperatures of the PSi layers formed in 3:2 solution (60 molecular % of HF) (Fig. 2(a) ) with those of PSi layers formed in 2 :1 solution (67 molecular % of HF) (Fig. 2(b) ) indicates that the former is lower than the latter. Therefore, we may conclude that the photothermal effect of PSi increases as the diameter of the pores in the PSi decreases, the length of macropores increases, and the porosity decreases. The relative photothermal effects of two different sets of PSi samples which we can see in Figs. 2(a) and (b) are A < B < C < D and E < F < G < H, respectively. Combining these results on the photothermal effect with the microstructural data of the PSi samples given in Table 2 will lead us to the same conclusion as above. 
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The mechanism of the photothermal effect in semiconductors is known to be as follows. 23) When a sample of semiconducting material is illuminated, pairs of excess carriers are generated which diffuse through the material according to the density gradients established. Each carrier gains energy approximately equal to the band gap of the material. This energy is deposited where the excess electron recombines with a hole and causes local heating of the lattice. A temperature distribution will therefore be established in the sample which depends on the characteristics of optical absorption and bulk and surface recombination in and on the sample. Since heat generation occurs through an interband absorption process in semiconductors, the photothermal effect of PSi depends upon the band gap energy. The band gap energy of a nanomaterial such as PSi increases due to quantum size effect as the silicon nanocrystalline size decreases. 24) PSi consists of mostly nanocrystalline silicon and partly amorphous silicon. 25) The average crystallite size of PSi is proportional to the average size of micropores in the PSi. The average size of the residual silicon crystallite existing between two adjacent pores and the average size of pores in PSi have the following relationship 25) assuming that all pores have a spherical shape: (1) where d is the average size of micropores, q is the average size of the residual Si crystallite between micropores and m is the distance between the boundaries of two neighboring micropores in PSi. We may simply say that both the diameter (d) of micropores in PSi is proportional to the crystallite size (q) of the PSi on the basis of Eq. (1). Therefore, it can be said that the band gap energy of PSi increases as the diameter of micropores decreases. The actual band gap energy of PSi was reported to be 1.82 eV, 27) whereas it is well known that the band gap energy of crystalline Si = 1.12 eV. Therefore, the larger band gap energy and the higher photothermal effect of PSi in comparison with crystalline Si can be evidences for the quantum size effect of PSi. Therefore, the photothermal effect of PSi is enhanced as the diameter of micropores decreases.
Thus far, we have discussed the relationship between the quantum size effect and the photothermal effect of PSi. It should be, however, mentioned here that the quantum size effect does not apply to macropores but only to micropores since the diameters of the macropores and the micropores are a few hundred and a few nanometers, respectively.
Conclusion
The photothermal effect of PSi is enhanced with increasing the HF concentration, current density and etching time since the pore size of PSi decreases and the porosity of PSi increases with these anodization process parameters. Since heat generation occurs through an interband absorption process in PSi the photothermal effect of PSi depends upon the band gap energy. The band gap energy of PSi increases due to quantum size effect as the pore size or the silicon nanocrystallite size decreases. Therefore, the photothermal effect of PSi is enhanced as the pore size decreases or the porosity increases. 
